© 2015 American Society for Microbiology. This paper was published in Journal of Virology and is made available as an electronic reprint (preprint) with permission of American Society for Microbiology. The published version is available at: [http://dx.doi.org/10.1128/JVI.00855 -15] . One print or electronic copy may be made for personal use only. Systematic or multiple reproduction, distribution to multiple locations via electronic or other means, duplication of any material in this paper for a fee or for commercial purposes, or modification of the content of the paper is prohibited and is subject to penalties under law. C6/36 mosquito cells were grown in RPMI 1640 medium containing 10% FBS and 1% penicillin-streptomycin. A549 cells containing a DENV-2 replicon were maintained in F-12 medium containing 10% FBS, 20 g/ml puromycin, and 1% penicillin-streptomycin (11) . Huh-7.5 cells containing a subgenomic replicon of hepatitis C virus (HCV) genotype 1b were licensed from Apath LLC (St. Louis, MO) (34) and were maintained in DMEM containing 10% FBS, 0.25 mg/ml Geneticin, and 1% penicillinstreptomycin. A549, BHK-21, DENV-2 replicon, and HCV replicon cell lines were incubated at 37°C. C6/36 cells were cultured at 28°C. All compounds were in-house synthesized. DENV-specific mouse monoclonal antibody 4G2 against the DENV envelope (E) protein was prepared from a hybridoma cell line purchased from the American Type Culture Collection (ATCC). DENV-2 and HCV replicon assays. A549 DENV-2 replicon cells were seeded at a density of 3,000 cells per well in a 384-well microplate. After incubation at 37°C with 5% CO 2 overnight, the cells were treated with compounds. After 48 h of incubation, luciferase activities were measured by using the EndurRen live-cell substrate (Promega). Following luciferase activity measurement, the CellTiter-Glo reagent (Promega) was added to each well to determine the cytotoxicity of the compounds. For the HCV replicon assay, Huh-7.5 cells harboring the HCV replicon were seeded at a density of 20,000 cells per well in a 96-well microplate. At 48 h after compound treatment, the cells were assayed for luciferase activity by using a Bright-Glo luciferase assay (Promega). As a quality control, NITD-008, a nucleoside inhibitor of DENV and HCV (12) , was included in our primary and secondary antiviral assays throughout the study.
Discovery of Dengue Virus NS4B Inhibitors
Viral titer reduction assay. The following viruses were used in the viral titer reduction assay: DENV-1, DENV-2, DENV-3, DENV-4, Japanese encephalitis virus (JEV), Powassan virus (POWV), Western equine encephalitis virus (WEEV), West Nile virus (WNV), yellow fever virus (YFV), and vesicular stomatitis virus (VSV). The sources of these viruses were reported previously (13) . Approximately 2 ϫ 10 4 cells (A549 or Vero cells) were seeded into each well of 96-well plates. At 24 h postseeding, A549 cells were infected with DENV (multiplicity of infection [MOI] of 0.5); Vero cells were infected with JEV, POWV, WNV, YFV, WEEV, or VSV (MOI of 0.1). The infected cells were immediately treated with serial dilutions of the compound. Because of the difference in replication kinetics among the different viruses, culture fluids were collected at different time points p.i.: culture fluids from JEV, POWV, WNV, WEEV, and YFV infections were collected at 42 h p.i.; those from DENV infections were collected at 48 h p.i; and those from VSV infections were collected at 16 h p.i. The viral titers in the collected samples were quantified by using a plaque assay.
Cytotoxicity assay. Cell viability was measured by using Cell Counting Kit-8 (CCK-8) (Dojindo Molecular Technologies) according to the manufacturer's protocols. A549, Huh-7, or Vero cells were seeded at 5 ϫ 10 3 cells per well in a 96-well plate. After 24 h of incubation at 37°C with 5% CO 2 , the cells were treated with 2-fold serial dilutions of the compound. At 48 h posttreatment, 4 l of the CCK-8 solution was added to each well. After another 90 min of incubation at 37°C, the absorbance was measured at 450 nm by using a microplate reader (Tecan).
Transient-replicon assay. The Renilla luciferase replicon of DENV-2 was in vitro transcribed using a T7 mMessage mMachine kit (Ambion, Austin, TX) from cDNA plasmids linearized with ClaI, as described previously (14) . A549 cells were electroporated with 10 g of replicon RNA by using a GenePulser Xcell system (Bio-Rad, Hercules, CA) and an established protocol (15) . The transfected cells were seeded into a 12-well plate (3 ϫ 10 5 cells per well), followed by treatment with the compound or the dimethyl sulfoxide (DMSO) control. At various time points posttransfection (p.t.), the cells were washed once with phosphate-buffered saline (PBS) and lysed in 200 l 1ϫ lysis buffer (Promega). The plates containing the lysis buffer were sealed with Parafilm and stored at Ϫ80°C. Once samples for all time points had been collected, 20 l of cell lysates was transferred into a 96-well plate and assayed for luciferase signals with a Clarity luminescence microplate reader (BioTek).
Selection and sequencing of resistant virus. Compound 1a-resistant virus was obtained by serial passaging of the DENV-2 NGC strain in A549 cells in the presence of increasing concentrations of the compound. Six selections for the compound-resistant virus were independently performed. Briefly, for each selection, A549 cell monolayers in a 12-well plate were inoculated at an MOI of 0.5 with wild-type (WT) virus or previously passaged virus and the compound. After incubation at 30°C for 1 h, the inoculum was removed, and fresh F-12 medium with 2% fetal calf serum (FCS) containing the compound was added to the wells. The cell cultures were incubated at 37°C for 3 days, after which the viruses from culture medium were quantified by reverse transcription-quantitative PCR (qRT-PCR) and used for the next round of infection. Resistance selection began at 27 nM compound (twice the 50% effective concentration [EC 50 ]). After passaging of the cells for three rounds at the initial concentration (passage 1 [P1] to P3; 3 days per passage round), the compound concentration was increased to 80 nM (P4 to P8), 150 nM (P9 to P11), and 300 nM (P12 to P16). As a control, WT virus was passaged in the presence of 0.5% DMSO in parallel. The supernatant from 300 nM compound-selected virus (P16) was tested for compound sensitivity by using qRT-PCR. For viral wholegenome sequencing, viral RNA was extracted from P16 culture fluids by using the QIAamp viral RNA minikit (Qiagen) and amplified by using SuperScript One-Step reverse transcription (RT)-PCR with Platinum Taq (Invitrogen). The RT-PCR products were purified and subjected to DNA sequencing.
Recombinant mutant virus construction. A standard cloning procedure was used to generate recombinant viruses. To construct mutant cDNA plasmids of full-length DENV-2 NGC, we first engineered the NS4B V63 mutations into a shuttle vector by using a QuikChange III XL site-directed mutagenesis kit (Stratagene). The mutations in the shuttle vector were confirmed by DNA sequencing. The fragments containing the mutations were then engineered into the full-length cDNA clone (16) by using BspEI (a restriction enzyme site introduced at nucleotide position 6596 of the genome without changing the amino acid sequence) and NruI (nucleotide position 7738). All constructs were verified by DNA sequencing.
The pACYA177-DENV-1 (Western Pacific 74 strain) full-length cDNA clone was used to construct a shuttle vector and engineer the I64V mutation of NS4B. The shuttle vector was created by digestion of the pACYC-FLDENV-1 plasmid with restriction enzymes XhoI and ClaI, followed by ligation of the resulting 5,687-kb fragment (representing nucleotide positions 2607 to 8294 of the genome) into the predigested TOPO-TA vector (Life Technologies). The I64V mutation was first introduced into the shuttle vector by using the QuikChange III XL site-directed mutagenesis kit. The mutated DNA fragment from the shuttle vector was sequenced and then swapped into pACYC-FLDENV1 through the unique restriction enzymes XhoI and ClaI. The resulting I64V mutation was verified again by DNA sequencing.
Time-of-addition assay. Approximately 2 ϫ 10 5 A549 cells were seeded into each well of a 24-well plate. At 24 h postseeding, the cells were infected with DENV-2 (New Guinea C strain; MOI of 2.0) for 1 h at 4°C. Subsequently, the viral inocula were removed, and cells were washed three times with cold PBS to remove unabsorbed viruses. At 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, or 20 h p.i., 10 M compound was added to the infected cells. As negative controls, 0.9% DMSO was added to the infected cells. At 24 h p.i., culture fluids were collected, and viral titers were determined by a plaque assay (17) .
In vitro transcription, RNA transfection, and immunofluorescence assay. The full-length DENV-1 and DENV-2 cDNA plasmids were linearized with SacII and XbaI, respectively. Genome-length RNAs were in vitro transcribed by using the T7 mMessage mMachine kit (Ambion). RNA transfection and immunofluorescence assays (IFAs) were performed as previously described (15) . Briefly, 10 g RNAs was electroporated into BHK-21 cells. The transfected cells were monitored for viral E protein expression by IFA using mouse monoclonal antibody 4G2 (American Type Culture Collection) and anti-mouse immunoglobulin G conju-gated with fluorescein isothiocyanate (FITC) as the primary and secondary antibodies, respectively. The culture medium was harvested on day 5 p.t. and stored at Ϫ80°C for subsequent plaque assays and viral genome sequencing.
Protein expression and purification. We expressed and purified the N-terminal domain (NTD) (representing the first 125 amino acids) of DENV-2 NS4B. The cDNAs encoding the NS4B NTD were amplified by PCR and cloned into the NdeI and XhoI sites of pET-29b, resulting in plasmid pET29-NTD. The pET29-NTD plasmid encodes the NTD with a tag containing eight residues (LEHHHHHH) to aid in protein purification. The insertion of the tag into the plasmid was confirmed by DNA sequencing. To express the target protein, the plasmid was first transformed into Escherichia coli BL21(DE3) cells and grown on an LB plate that contained 30 g/ml of kanamycin. One to three colonies on the plate were picked and incubated in 50 ml of LB medium. The culture grown overnight was transferred into 1 liter of LB medium with same antibiotic. When the optical density at 600 nm (OD 600 ) reached 0.8, the protein was induced with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) and left in the shaker at 200 rpm overnight at 18°C. The E. coli cells were harvested by centrifugation at 8,000 ϫ g for 10 min at 4°C. The NTD protein was purified in the presence of n-dodecyl ␤-D-maltoside (DDM) micelles as previously described (18) .
Micro BioSpin column gel filtration assay. Micro BioSpin 6 columns (Bio-Rad) capable of separating free ligands from bound ligands were used to measure the binding of 3 H-labeled compound 14a to purified proteins. A binding mixture (20 l) containing 20 mM sodium phosphate (pH 6.5), 0.1% 1-myristoyl-2-hydroxy-sn-glycero-3-[phospho-Rac-(1-glycerol)] (LMPG), 1 mM dithiothreitol (DTT), 150 mM NaCl, 5 to 50 M NS4B, and 100 to 500 M 3 H-labeled compound 14a was incubated at room temperature for 10 min, adsorbed to a Micro BioSpin column, and centrifuged for 1 min. The eluent was collected and counted with a scintillation counter (PerkinElmer Life Sciences).
ISRE reporter assay. HEK-293T cells were cotransfected with three plasmids by using X-treme 9 Gene reagent (Roche). The three plasmids , and pXJ-2K-NS4B (expressing DENV NS4B) or the pXJ empty vector (control). At 24 h p.t., the cells were mocked treated or treated with 1,000 U of human IFN-␤ (Calbiochem) in the presence of 1 M compound 1a or 0.5% DMSO. Cells were maintained in DMEM-10% FBS. At 24 h posttreatment, the cells were harvested, and luciferase activity was measured by using a dual-luciferase reporter assay system (Promega).
In vivo studies. The Institutional Animal Care and Use Committee (IACUC) of the Novartis Institute for Tropical Diseases is registered with the Agri-Food and Veterinary Authority (AVA) of Singapore. All animal studies were approved by the IACUC. The pharmacokinetic (PK) profiles of compounds 1a and 14a (Table 1) (19) were determined in male Wistar rats (weighing 200 to 400 g) following intravenous (i.v.) and oral (p.o.) administration of 5 and 25 mg/kg of body weight, respectively. The PK profile of compound 14a was also determined in DENV-2-infected AG129 mice following p.o. administration of 100 mg/kg. The formulations used for i.v. and p.o. administrations were a solution in N-methylpyrrolidinone (NMP)-plasma (10:90, vol/vol) and a suspension in methylcellulose (0.5%, wt/vol) and Tween 80 (0.5%, vol/vol) in phosphate buffer (pH 6.8), respectively. Groups of three animals were used for each time point. Blood samples were collected at 0.17, 0.5, 1, 2, 4, 8, and 24 h after dosing (n ϭ 3 per time point). Plasma concentrations of compounds 1a and 14a were measured by liquid chromatography-tandem mass spectrometry (LC-MS/MS) on an API 4000 mass spectrometer (AB Sciex, Framingham, MA, USA), using positive electrospray ionization and multiple-reaction monitoring (MRM) of m/z 415 ¡ m/z 127 (compound 1a) or m/z 414 ¡ m/z 144 (compound 14a). Chromatographic separation was performed on a Zorbax XDB-Phenyl column (4.6 by 75 mm, 3.5 m; Agilent Technologies, Santa Clara, CA, USA), using a 5-min gradient elution with acetonitrile-water (containing 0.2% acetic acid) and a 1-ml/ min flow rate. The lower limit of quantification achieved was 6 to 8 ng/ml. The PK parameters were calculated by a noncompartmental approach using WatsonLIMS software (Thermo Scientific).
The in vivo efficacy of compound 14a was evaluated in a dengue viremia model (20) . The model used 8-to 12-week-old AG129 mice (with knockout of IFN-␣/␤ and IFN-␥ receptors) purchased from B & K Universal and DENV-2 strain TSV01. The virus stock was propagated in C6/36 mosquito cells grown in RPMI 1640 medium, and 0.5 ml of 3 ϫ 10 6 to 3 ϫ 10 7 PFU/ml was injected intraperitoneally into the mice. The mice (n ϭ 6 per group), either immediately or with a delay, as indicated, were dosed orally twice daily (BID) with compound 14a or the vehicle for 3 days. The formulation used was the same as the one described above for the PK studies. The mice were sacrificed on day 3 p.i. to collect blood samples for viral titer determinations using a plaque assay, as previously described (12) . Statistical analysis was performed by a one-way analysis of variance (ANOVA) Tukey-Kramer test using Prism software (GraphPad).
RESULTS

Identification of a spiropyrazolopyridone as a novel anti-DENV agent.
We used a dual-replicon approach (luciferase-reporting replicons of DENV-2 and HCV) (Fig. 1A) to identify inhibitors that selectively suppress DENV replication (Fig. 1B) . "Hits" identified from the DENV-2 replicon were tested in the HCV replicon. This approach allowed us to identify compound 1, containing a spiropyrazolopyridone core, as a specific inhibitor of DENV-2 ( Fig. 1C) . Compound 1 inhibited the DENV-2 replicon (EC 50 , 14 nM) but not the HCV replicon (EC 50 , Ͼ5 M); no cytotoxicity was detected at concentrations of up to 5 M (Fig. 1D ). Concentrations of Ͼ5 M were not tested because of the low aqueous solubility of compound 1 (11 M). As a positive control, NITD-008, a previously reported nucleoside inhibitor of both DENV and HCV (12) , exhibited EC 50 s of 1.6 and 0.18 M, respectively (Fig. 1D) .
Since compound 1 is a racemate, we purified the R (compound 1a) and S (compound 1b) enantiomers ( Fig. 2A ) and tested their antiviral activities. As shown in Fig. 2B , the R enantiomer of compound 1a (EC 50 , 12 nM) was Ͼ83-fold more potent than the S enantiomer of compound 1b (EC 50 , Ͼ1,000 nM). Next, we examined the antiviral spectrum of compound 1a against a panel of . Surprisingly, compound 1a inhibited only DENV-2 and -3 but not other viruses, including DENV-1 and -4 (Fig. 2C) . To define the step of compound inhibition, we performed a transient-transfection assay using a DENV-2 luciferase replicon (Fig. 2D) . Compound 1a did not inhibit viral RNA translation (as indicated by the lucifer- ase signals at 2 to 9 h) but suppressed viral RNA synthesis or accumulation (as indicated by the luciferase signals at Ն24 h) (Fig. 2D) . A time-of-addition experiment showed that compound 1a added at Ն6 h gradually lost its potency, suggesting that the compound exerts its inhibition at the viral RNA synthesis/accumulation step or at a late stage of the infection cycle after viral entry (Fig. 2E) . Besides mammalian cells, we tested if the compound is active in mosquito C6/36 cells. As shown in Fig. 2F , compound 1a exhibited an EC 50 of 9 nM in DENV-2-infected C6/36 cells, demonstrating that the compound is active in both mammalian and mosquito cells. In addition, we tested compound 1a in a panel of DENV-2 enzyme assays (including protease, nucleotriphosphatase [NTPase], methyltransferase, or polymerase, as described previously [21] ); the compound did not inhibit any of these enzymatic activities (data not shown). Collectively, the results indicate that the R enantiomer of compound 1a specifically inhibits DENV-2 and -3 through blocking viral RNA synthesis or accumulation. However, the current data do not allow us to differentiate the mechanisms of compound-mediated suppression of viral RNA synthesis from those of compound-mediated enhancement of viral RNA degradation.
Improvement of physicochemical properties of inhibitors.
Medicinal chemistry was used to improve the physicochemical properties of compound 1a, resulting in the analog compound 14a ( Fig. 2A) . Compared with compound 1a, compound 14a exhibited slightly decreased potency against DENV-2 and -3 and retained a similar antiviral spectrum (Fig. 2C) . However, compound 14a showed improved aqueous solubility, from 11 M (compound 1a) to 504 M, and an improved logP value, from 4.9 (compound 1a) to 2.8 ( Table 1) . The detailed structure-activity relationship of medicinal chemistry was recently reported (19) .
Spiropyrazolopyridone resistance maps to the viral NS4B protein.
To identify the target of the spiropyrazolopyridone inhibitor, we selected resistant virus by culturing DENV-2 with increasing concentrations of compound 1a (Fig. 3A) . All viruses from six independent selections showed increased EC 50 s, from 12 nM to Ͼ1 M (Fig. 3B) , suggesting the emergence of resistant viruses. Complete genome sequencing of the resistant viruses revealed nucleotide changes at positions 7012 and/or 7013 of the genomic RNA, leading to a V63A, V63L, V63M, V63S, or V63T amino acid substitution in the NS4B protein (Fig. 3B) . Specifically, selections I to IV contained mixed populations at amino acid position 63, whereas selections V and VI yielded identical V63M mutations. Based on the topology model of DENV NS4B (22), amino acid V63 is located in the second predicted transmembrane domain (pTMD2) in the endoplasmic reticulum (ER) lumen (Fig.  3C ). To determine whether these mutations were responsible for resistance, we prepared a panel of recombinant DENV-2 strains containing individual NS4B mutations, including V63A, V63L, V63M, V63T, and V63S. Figure 3D shows the IFA results for the genome-length-RNA-transfected cells (monitoring viral E protein expression) (top), plaque morphology of the recombinant viruses (middle), and viral titers determined on day 5 p.t. (bottom). The results showed that none of the mutations significantly affected viral replication in cell culture, except that the V63S mutant virus exhibited smaller plaques (Fig. 3D ). Resistance analysis (using a viral titer reduction assay) revealed that the V63A substitution conferred ϳ10.6-fold resistance to compound 1a, while other substitutions conferred Ͼ83-fold resistance (Fig. 3E) , demonstrating that the engineered mutations are responsible for resistance. Sequence alignment of the NS4B proteins among flaviviruses showed that V63 is absolutely conserved in DENV-2 and -3 but different in DENV-1 and -4 as well as in other flaviviruses (Fig.  3C) . Remarkably, resistance residue 63L exists as the WT amino acid in the NS4B proteins of DENV-4, TBEV, and YFV; resistance residue 63T exists as the WT amino acid in the NS4B proteins of JEV and WNV. The variation at residue 63 of flavivirus NS4B could account for the selective inhibition of DENV-2 and -3 by compound 1a. To demonstrate this point, we prepared recombinant DENV-1 mutant containing an NS4B I64V mutation (equivalent to residue 63 of DENV-2 NS4B). Compared with WT DENV-1, the DENV-1 I64V mutant exhibited equivalent amounts of IFA-positive cells after transfection of the genomelength RNAs into BHK-21 cells (Fig. 4A, left) . Cells transfected with WT and I64V mutant RNAs produced comparable viral titers on day 5 p.t. (Fig. 4A, right) . Recombinant WT DENV-1 and the I64V mutant exhibited similar plaque morphologies (Fig. 4A,   middle) . These results indicate that the I64V mutation does not attenuate DENV-1 replication. Strikingly, the DENV-1 I64V mutant became sensitive to compound 1a inhibition, with an EC 50 shift from Ͼ1 M (WT DENV-1) to 140 nM (Fig. 4B) . It should be noted that the EC 50 of the DENV-1 I64V mutant (140 nM) is 11.6-fold higher than that of WT DENV-2 (12 nM), suggesting that residues outside I64 of DENV-1 NS4B also contribute to drug sensitivity. Nevertheless, these results demonstrate that singleamino-acid variation of NS4B plays an important role in the antiviral selectivity against the four serotypes of DENV.
Cross-resistance analysis of distinct NS4B inhibitors. We previously reported a different scaffold of the NS4B inhibitor NITD-618 (23) . Resistance mutations for NITD-618 were mapped to NS4B residues P104L and A119T, both of which are located in the third transmembrane domain (TMD3) spanning residues 101 to 129 (Fig. 5A) . To examine if the current inhibitors are cross-resistant to NITD-618, we tested the antiviral activities of compound 1a (Fig. 5B, top) and compound 14a (middle) in the DENV-2 replicon containing the P104LϩA119T double mutation. Compound 1a showed comparable EC 50 s in the WT replicon (9 nM) and the P104LϩA119T replicon (7 nM). Similarly, compound 14a showed equivalent EC 50 s in the WT replicon (43 nM) and the P104LϩA119T replicon (39 nM). As expected, NITD-618 exhibited a higher EC 50 in the P104LϩA119T replicon (5 M) than in the WT replicon (0.5 M) (Fig. 5B, bottom) . These results demonstrate that the current inhibitors are not cross-resistant to the previous NS4B inhibitor NITD-618.
The spiropyrazolopyridone compound directly interacts with NS4B. To demonstrate a direct compound-NS4B interaction, we prepared 3 H-labeled compound 14a and two recombinant proteins (WT and resistant V63I mutant) representing the first 125 amino acids of DENV-2 NS4B (Fig. 6A) . Based on the DENV-1 NS4B sequence (Fig. 3C) , we selected the V63I mutation in DENV-2 NS4B for the compound-protein binding experiment. luted with the WT NS4B protein; in contrast, the resistant V63I mutant reduced the amount of 3 H-labeled compound 14a coelution by 3-fold (Fig. 6B) . As a control, 3 H-labeled compound 14a did not coelute with recombinant NS4A, a different transmembrane protein of DENV-2 (Fig. 6B) . These results suggest that compound 14a can directly bind to the DENV-2 NS4B protein. To confirm the gel filtration results, we attempted several biophysical methods (e.g., surface plasmon resonance and isothermal calorimetry); none of these methods proved to be feasible for measuring the compound-protein interaction (data not shown), possibly due to the challenging nature of the membrane protein.
The compound does not inhibit DENV-2 through blocking of the NS4B-mediated antagonism of IFN signaling. The pTMD1 and pTMD2 regions of DENV NS4B were reported to antagonize IFN signaling (23, 24) . Since the resistance of spiropyrazolopyridone compounds was mapped to pTMD2 of NS4B, 3 H-labeled compound 14a was mixed with the indicated proteins and centrifuged through a Micro BioSpin 6 gel filtration column. Protein-bound 3 H-labeled compound-14a was quantitated in the eluent by using a beta scintillation counter (PerkinElmer Life Sciences). NS4A served as a negative control. Analysis of each data point was carried out in triplicate. ***, P Ͻ 0.001 for comparison of binding of the compound to WT and V63I mutant NS4B proteins. (C) Effect of compound 1a on the induction of the ISRE-Luc reporter gene after treatment with IFN. A plasmid containing the coding region of DENV-2 2K-NS4B was cotransfected into HEK-293T cells together with the ISRE-Luc plasmid. At 24 h p.t., the cells were stimulated with 1,000 U of IFN-␤ in the presence or absence of 1 M compound 1a. The cells were further incubated for 24 h, followed by quantification of luciferase expression. Results show the mean percentages of luciferase activity for each treatment (n ϭ 3).
we examined the inhibitory effect of compound 1a on blocking the NS4B-mediated antagonism of IFN signaling. HEK-293T cells were cotransfected with a plasmid expressing DENV-2 2K-NS4B (the 2K fragment was included to ensure the correct topology of NS4B on the ER membrane) or an empty plasmid (as a control) together with another plasmid expressing firefly luciferase under the control of an ISRE promoter. A plasmid expressing Renilla luciferase was also cotransfected to normalize the transfection efficiency. At 24 h p.t., the cells were mock treated or treated with human IFN-␤ in the presence of either compound 1a or DMSO. Dual-luciferase activities were measured after incubation for another 24 h. As shown in Fig. 6C , the expression of NS4B reduced the ISRE promoter-driven firefly luciferase signal by 52% in the presence of DMSO, confirming the role of NS4B in inhibiting IFN signaling (23, 24) . A similar reduction (46%) in the firefly luciferase activity was observed in cells that were treated with compound 1a, suggesting that the function of NS4B in antagonizing IFN signaling was not affected by the compound. These results allowed us to conclude that compound 1a exerts its anti-DENV activity via a mechanism other than antagonizing the anti-IFN function of NS4B.
Pharmacology of spiropyrazolopyridones. To select a compound for in vivo efficacy studies, we compared the pharmacokinetics of compound 1a and compound 14a in rats. Compound 14a showed a better pharmacological profile than did compound 1a. The detailed PK parameters were recently reported (19) . The improved pharmacological parameters of compound 14a are most likely due to the improved compound solubility (Table 1) . We therefore selected compound 14a for in vivo efficacy studies.
The in vivo efficacy of compound 14a was examined in a DENV-2/AG129 mouse (lacking IFN-␣/␤ and IFN-␥ receptors) model (20) . AG129 mice were infected with DENV-2 and immediately treated with compound 14a via the oral route twice daily (BID) for 3 days. Peak viremia on day 3 p.i. was quantified by a plaque assay. Treatment with 5, 25, and 50 mg/kg of compound14a BID reduced viremia by 1.7-, 10-, and 39-fold, respectively. Viremia was below the limit of detection (250 PFU/ml) in four out of six animals in the group that received 100 mg/kg BID (Fig. 7A) . No disease or adverse events were observed in the infected animals. To correlate the observed antiviral activity with compound exposure, we measured the pharmacokinetics of compound 14a (100 mg/kg) in infected mice (Fig. 7B) . Upon oral dosing, the plasma level of compound 14a increased steadily to a maximum concentration of drug in serum (C max ) of 221 M (equivalent to 91,450 ng/ml) at 0.25 h postdosing; the area under the concentration-time curve (AUC) from 0 to 24 h reached 517,728 ng · h/ml. At 24 h postdosing, the plasma concentration of compound 14a remained above the EC 90 value (0.2 M). Collectively, these results demonstrate that compound 14a has good in vivo pharmacokinetic properties, leading to in vivo antiviral efficacy.
To simulate treatment in a clinical setting, we examined the efficacy of compound 14a (100 mg/kg BID) in a delayed treatment. Treatments started at 10, 24, or 48 h after infection; viremia was quantified at 72 h postinfection. Compared with immediate treatment, the viremia reduction level decreased from 57-fold to 27-fold (10-h delay), 21-fold (24-h delay), and 8-fold (48-h delay) (Fig. 7C) . However, statistical analysis showed that viremia reduction in the treatment group with a 48-h delay was not significant. Overall, these results demonstrate that compound 14a is efficacious even when treatment starts postinfection.
In vitro safety pharmacological profiling of compound 14a. Table 2 summarizes the in vitro safety profiling of compound 14a in various cellular receptors, ion channels, transporters, and metabolic enzymes. The compound did not show interference with these host proteins, with 50% inhibitory concentrations (IC 50 s) of Ͼ30 M. These results suggest that compound 14a has a good in vitro safety profile.
DISCUSSION
We used a dual DENV-2 and HCV replicon approach to identify inhibitors that selectively suppress DENV replication. This approach allowed us to uncover the spiropyrazolopyridone scaffold mice (8 to 12 weeks old; 6 mice per treatment group) were infected with 1.5 ϫ 10 6 PFU of DENV-2 (strain TSV01) on day 0. The mice were treated orally with 5, 25, 50, or 100 mg/kg compound 14a BID. The peak viremia on day 3 p.i. was quantified by a plaque assay. A one-way ANOVA Tukey-Kramer test indicates that, compared with the vehicle control, the reduction in viremia in all treatment groups, except for the 5-mg/kg group, is statistically significant. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. LOD, limit of detection (250 PFU/ml). Values below the limit of detection were set equal to 250 PFU/ml. The antiviral activities with treatment doses of 50 and 100 mg/kg were recently reported (19) (B) Plasma concentrations of compound 14a after oral administration to DENV-2-infected AG129 mice at a dosage of 100 mg/kg (n ϭ 3 per time point). The EC 90 (0.2 M) of compound 14a is indicated by the dotted line. (C) Peak viremia of mice with a delayed start of treatment after infection with 1.5 ϫ 10 as a potent inhibitor of DENV-2 and -3. Resistance analysis and direct ligand-protein binding indicate that DENV-2 NS4B is the target of the spiropyrazolopyridone inhibitors. Our results suggest that these inhibitors do not exert their antiviral activity via blocking of the NS4B-mediated evasion of innate immunity. Since NS4B functions as an essential component of the viral replication complex, the inhibitors could function by interfering with protein-protein interactions during viral RNA synthesis. In line with this hypothesis, NS4B was recently reported to oligomerize itself (18) as well as to interact with NS1 (24), NS3 (25, 26) , and NS4A (27) . Besides binding to viral proteins, NS4B is also expected to interact with host factors during viral replication. It is conceivable that small-molecule inhibitors blocking such interactions could lead to the suppression of viral replication. Further studies are needed to elucidate the exact mechanism of how these inhibitors block viral RNA synthesis.
Our study has proven the concept that DENV NS4B is a valid antiviral target. Compared with previously reported flavivirus NS4B inhibitors (23, (28) (29) (30) , the spiropyrazolopyridone compounds have superior in vitro potency and exhibited in vivo efficacy; none of the previous NS4B inhibitors showed any in vivo efficacy. In the AG129 mouse model, compound 14a showed potency when mice were treated with the inhibitor immediately after infection or when treatment was delayed by 48 h. Since peak viremia was measured at 72 h p.i. in the AG129 mouse model, the 48-h delay allowed only 24 h of compound treatment of the infected mice. These in vivo efficacy results underscore the potency of compound 14a. The resistance of spiropyrazolopyridone compounds (V63 mutation of DENV-2 NS4B) is also distinct from those of other NS4B inhibitors such as NITD-618 (P104L and A119T of NS4B) (23) . Indeed, spiropyrazolopyridone compounds showed comparable antiviral activities in the WT and NS4B P104LϩA119T mutant replicons (Fig. 5) . More importantly, compound 14a exhibits good in vivo pharmacokinetics and physicochemical properties (Table 1) . It also has a good in vitro safety pharmacology profile (Table 2) . Collectively, the above-described profile warrants consideration of this compound as a bona fide DENV inhibitor for preclinical development.
The major weakness of compound 14a is the lack of efficacy against DENV-1 and -4. Medicinal chemistry is needed to improve its panserotype activity. Achieving panserotype activity will be challenging, since the amino acid variation among the four DENV serotypes is ϳ30 to 35% (31) . The same challenge was encountered when developing pangenotype inhibitors of HCV (32) . The potent antiviral activity of compound 14a against DENV-2 and -3 complements the weak efficacy against DENV-2 of the current frontrunner vaccine CYD-TDV (3) (4) (5) . Most importantly, the current compound has provided an opportunity to answer two paramount questions for dengue therapeutics development: can an antiviral drug reduce viremia in dengue patients (infected with DENV-2 or -3), and, if so, will viremia reduction prevent patients from developing severe hemorrhagic fever and shock? Since compound 14a is not a prodrug and directly inhibits viral NS4B, it is expected to eliminate the complications of nucleoside inhibitors (which require host kinases to convert them to their triphosphate forms before being antiviral active), as evidenced by the efficacy failure of balapiravir in dengue patients (6, 33) .
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